ABSTRACT An isolated modular multilevel dc-dc converter (IMMDCC) consisting of two modular multilevel converters (MMCs) coupled via a medium-frequency transformer is competitive for medium-and high-voltage applications because of its high modularity and high-voltage handling capability. Employing the quasi square-wave modulation (QSM) scheme for MMCs of the converter can increase the dc-link voltage utilization ratio and realize soft-switching operation, compared with sinusoidal wave modulation methods. However, the accurate reactive power control at the ac side of the IMMDCC can hardly be achieved under the QSM mode. The ac-side reactive power and current stress increase considerably when the conversion ratio deviates from the transformer turn ratio. In order to address this issue, this paper presents an arm voltage decoupling control scheme for the IMMDCC by introducing a virtual buck/boost conversion stage between the dc-side voltage and the transformer voltage. The transformer primary and secondary voltages are kept matched to suppress the reactive power when the dc-side voltage varies. The theoretical analysis shows that the proposed control enhances the power transfer capability and reduces the ac-side current stress of the IMMDCC. In addition, submodule voltages are maintained even when the dc voltages exceed the designed value under the conventional control scheme, which implies that the voltage range of the converter is expanded. The simulation and experimental results confirm the effectiveness of the proposed modulation and control strategy.
I. INTRODUCTION
The dc grid is a promising solution for the collection and transmission of large-area renewable energy over long distances, such as offshore wind farms. Utilization of high voltage direct current (HVDC) technology for power transmission achieves high efficiency and low reactive power [1] , [2] . Extension of dc concept to the harvesting and collection grid of distributed renewable energy and construction of medium-voltage dc power collection grid can spare extra conversion stages and improve system reliability [3] - [5] .
Similar to transformers in the ac power system, dc-dc converters are key components used in renewable energy collection and transmission dc grids to match different
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voltage levels and to interface medium-voltage generation facilities [6] , [7] .
The dual active bridge (DAB) converter constructed by two H-bridges coupled by an ac transformer has been widely used in industrial applications because it allows bi-directional power flow, achieves zero-voltage switching operation, and provides galvanic isolation [8] , [9] . Modular multilevel converter (MMC) is an emerging and attractive topology for medium-and high-voltage applications due to its modularity and high reliability [10] , [11] . Replacement of twolevel bridges in a DAB converter with MMCs results in an isolated modular multilevel dc-dc converter (IMMDCC). Combining the advantages of DAB and MMC, IMMDCC is regarded as a promising solution for dc-dc conversion in dc grids [12] - [15] .
Regarding the modulation of MMC in IMMDCC, synthesis of square-wave voltages in the ac link by simultaneously inserting and bypassing submodules can increase dc-link voltage utilization ratio and achieve zero-voltage switching operation compared with sinusoidal modulation schemes [16] . In order to alleviate dv/dt and high-order harmonics of the square-wave voltage, the quasi square-wave modulation (QSM) is proposed to modify the rising and falling edges into staircase waveforms by introducing small phase-shift angles among the switching signals of the submodules [17] , [18] . The soft-switching property of IMMDCC under the QSM mode is investigated in [19] and [20] . Capacitor and arm voltage balancing control strategies of IMMDCC under the QSM scheme are presented in [20] and [21] , respectively.
Similar to general MMC control [22] , two arms in the same phase leg of IMMDCC are modulated in a complementary manner in the QSM mode, and the sum of submodule voltages in each arm (which is termed as arm voltage) is equal to the dc-side voltage. Determined by the arm voltage, the amplitude of the synthesized voltage at the ac terminal of an MMC varies with the dc-side voltage, which implies that transformer primary and secondary voltages of IMMDCC are coupled with the input and output dc voltages, respectively. Similar to the two-level isolated dc-dc converter, the coupling between the ac-side and dc-side voltages make IMMDCC suffer from remarkably increasing of reactive power and current stress when the conversion ratio of the converter deviates from the transformer turn ratio [23] . This phenomenon reduces converter efficiency and limits its application to interface voltage variable energy sources.
For suppressing reactive power in the two-level isolated dcdc converter, improved converter topologies and their control methods are presented to cancel the aforementioned coupling relationship in [24] and [25] . However, these approaches are designed for two-level converters, which cannot be directly used for IMMDCC. The ac-side reactive of MMC is analyzed and optimized in [26] . However, the proposed method is based on sinusoidal-wave modulation. The conference paper [27] , which is the original version of this article, first introduces the concept of creating a virtual buck/boost conversion stage between the dc-side voltage and the transformer voltage of IMMDCC to cancel their coupling.
On the basis of the concept of adding a virtual buck/boost conversion stage, this study presents an arm voltage decoupling control (AVDC) strategy to address the reactive power suppress issue of IMMDCC. The arm voltage control is realized by deploying the coupled arm inductor as a boost inductor and by expanding QSM to noncomplementary quasi square-wave modulation (NQSM). The goal of AVDC is to maintain the transformer primary and secondary voltages are matched, thereby to suppress the reactive power. Theoretical analysis shows that the AVDC results in the enhancement of power transfer capability and reduction of the ac-side current stress for IMMDCC. In addition, the submodule voltages are maintained even when the dc voltages exceed the designed value under the conventional control scheme. Thus, the voltage range of the converter is expanded. Moreover, staircase waveforms with more levels are generated toward transition periods of the quasi square-wave voltage when the NQSM is utilized compared with QSM, which further alleviate the dv/dt. Fig. 1 shows the single-phase architecture of IMMDCC where ac terminals of MMCs are connected by a transformer. N p and N s are the virtual dc-side midpoints on the primary and secondary sides, respectively. V dc1 and V dc2 are the dcside voltages. I dc1 and I dc2 are the average input and output currents. u p and u s are the primary and secondary voltages applied to the transformer, and i p and i s are the transformer currents. The transformer turn ratio is n.
II. MODELING OF IMMDCC
On the basis MMC operation principles [28] , the dc current is equally divided in the phase legs, and the ac current is equally divided between the upper and lower arms. The common-and differential-mode current paths of the primary MMC are separated According to the superposition principle, as shown in Figs. 2 (a) and (b) . The lower and upper arms absorb power from the dc side through the mode current path and release power to the ac side through the differential-mode current path.
In Fig. 2 , application of KVL around phase leg A gives
where u au and u al are the instantaneous voltages inserted in the upper and lower arms, respectively. From (1), we have Similarly, for phase leg B one has
The transformer primary voltage is derived as
By regarding the leakage inductance (L p -M p ) of the coupled inductor as an impedance in series with the transformer, open circuit voltage applied on the transformer primary can be defined as
The open circuit voltage across transformer secondary u so can be derived in the same manner.
III. LIMITATIONS OF CONVENTIONAL QSM SCHEME
Under the conventional QSM scheme, MMCs in IMMDCC are modulated in a complementary manner, i.e., one submodule in the lower is to be simultaneously bypassed (or inserted) when one submodule in the upper is inserted (or bypassed). The upper and lower arms are alternately connected to the dc side, and the arm voltages are equal to the dc-side voltage. Under this circumstance, the amplitudes of the transformer primary and secondary voltages are equal to the input and output voltages respectively. Fig. 3 illustrates the steady-state waveforms of IMMDCC under the conventional QSM scheme where the amplitude of the synthesized ac-side voltages varies with the corresponding dc-link voltages. Staircase waveforms are generated during the transition periods of u po and u so . i au , i al and i ca are the arm currents and common-mode current of phase leg A. i p is the transformer primary current. Calculated by E Lac = L ac i 2 p /2 with L ac representing the total inductance referred to transformer primary, E Lac expresses the instantaneous energy stored in the ac link. As shown in Fig. 3 (a) , when the input and output voltages are matched, i.e., V dc1 =nV dc2 , the transformer current i p is flat-topped because the voltage applied to the ac-link inductor L ac is zero during the interval from t 1 to t 2 . During this interval, the energy is directly transferred from the primary side to the secondary side, and the energy stored in the ac link, calculated by E Lac = L ac i 2 p /2, remains constant. However, i p is no longer flat-topped, and the stored energy decreases with i p during this interval when the input and output voltages are not matched, as shown in Fig. 3 (b) . The released energy is restored during the interval from t 2 to t 3 . Usually regarded as reactive power, this periodic storage and releasing of energy increases the storage requirement and current stress in the ac-link, which aggravate the switching and transformer losses. Comparison of the arm currents (i al and i au ) in Figs. 3 (a) and (b) shows that the turn-off currents of switches in the arms remarkably increases when the conversion ratio of the converter deviates from the transformer turn ratio.
On the basis of the previous analysis, high efficiency of IMMDCC cannot be achieved under the conventional QSM scheme due to the increase of reactive power and current stress when the conversion ratio of the converter deviates from the transformer turn ratio. In addition, the nominal input and output voltages of IMMDCC should be designed matched to achieve the highest efficiency, which suggests
IV. PROPOSED MODULATION AND CONTROL SCHEME
By changing QSM to NQSM to introduce a virtual buck/boost conversion stage between the dc-side voltage and the arm voltage, the capacitor voltages and amplitude of the injected voltages in each arm of IMMDCC are maintained in the AVDC. The transformer primary and secondary voltages are therefore kept matched when dc voltages deviate from their nominal values. For simplification, the theoretical developments in this study are based on the following assumptions: 1) Power flows from the primary side to the secondary side. 2) Output voltage V dc2 remains as nominal value V dc2N , whereas input voltage V dc1 fluctuates around V dc1N . The AVDC strategy is applied to the primary MMC, and the conventional manner is applied to the secondary MMC.
3) The phase shifts among the switching signals of submodules in the QSM scheme are ignored so that the insertion and bypassing state of each arm can be expressed by a single switching pulse. Fig. 4 shows the switching pulses and typical waveforms when the primary MMC is modulated under the NQSM scheme. V dc1 is higher than that of nV dc2N , as shown in Fig. 4(a) . V dc1 is lower than that of nV dc2N , as shown in Fig. 4(b) . S au , S al , S bu , and S bl are the switching signals for the arms where the subscripts denote which arm the signal is to drive. The sums of capacitor voltages in different arms are equal according to MMC operation principles. The arm voltage of primary MMC, which is equal to the amplitude of the transformer primary voltage, is denoted as U armp . Considering that the diagonal arms, such as the lower arm in phase leg A and the upper arm in phase leg B, are simultaneously switched in and out, the voltage applied to the coupled inductor in phase leg A is equal to that of phase leg B. Without loss of generality, the waveforms around leg A are adopted to demonstrate the operating principle. 
A. BASIC OPERATION PRINCIPLES
As shown in Fig. 4 , T s is the switching period, and T h is half of the switching period. D is the phase-shift ratio between the transformer primary and secondary voltages. D 0 T h is the interval width between the rising edge of S al and the falling edge of S au . D 0 is defined positive when the rising edge of S al leads the falling edge of S au , as shown in Fig. 4 (a) , and negative when the rising edge of S al lags behind the falling edge of S au , as shown in Fig. 4 (b) .
In the AVDC scheme, D 0 is adjusted to maintain the arm voltage U armp equal to nV dc2N with the input voltage V dc1 varies. Thus, the transformer primary and secondary voltages are constantly matched. For the scenario that V dc1 is higher than that of nV dc2N , with the waveforms shown in Fig. 4 (a) , the intervals in a half switching cycle are discussed as follows. For the rest half cycle, the intervals are repeated in the same sequence with symmetrical voltage and current waveforms. 
The transformer primary current, which linearly increases, can be expressed as
The upper arm of phase leg A and the lower arm of phase leg B are bypassed at t 1 . During this interval, we have
The transformer current is
The lower arm of phase leg C and the upper arm of phase leg D are inserted at t 2 . Meanwhile, the upper arm of phase leg C and the lower arm of phase leg D are bypassed. This operation leads to the polarity reversal of u so , and the transformer primary and secondary voltages are equal, which results in i p (t 3 ) = i p (t 2 ). The upper arm of phase leg A and the lower arm of phase leg B are inserted at t 3 , which indicates the start of the next half switching cycle. From the symmetry of the current waveform, i p (t 3 ) = −i p (t 0 ). On the basis of the expression of transformer current during different intervals, the instantaneous current i p over a half switching cycle is derived as:
The average voltage across coupled inductor over T h should be zero in steady state. On the basis of (7) and (9), we have
IMMDCC is operated in a different manner when V dc1 is lower than nV dc2 . As can be observed in Fig. 4 (b) , the ac voltage and current waveforms under this condition are identical to that when V dc1 is higher than that of nV dc2 with the same absolute value of D 0 . Consequently, the transformer current under this condition can also be expressed by (11) . In addition, referring to the derivation process of (12), we have
Considering that D 0 is a signed variable, formula (12) and (13) can be combined and rewritten in the unified form as:
Similar to the output voltage expression of a Boost converter, Eq. (14) reveals that a new conversion stage is introduced between the dc-side voltage and the arm voltage by NQSM, and the arm voltage can be controlled independently. From this point of view, a new degree of control freedom is added to cancel the coupling between U armp and V dc1 . Control the arm voltage U armp always equal nV dc2N by adjusting D 0 can keep the transformer primary and secondary voltages matched. Setting U armp =nV dc2N and combining with (6), we
For D 0 is allowed to be both negative and positive, U armp can be maintained no matter whether the input voltage is higher or lower than its nominal value V dc1N . The outline of transformer current i p is slightly different from that shown in Fig. 4 when the transferred power is too low to satisfy D > 0.5|D 0 |. The instantaneous transformer current i p under this condition can be derived by referring to the derivation process of (11), which is expressed as
23944 VOLUME 7, 2019 On the basis of the previous analysis, the AVDC is realized in this study to control the primary-side arm voltage equal to V dc2N , which ensures the transformer primary and secondary voltages matched. On the basis of (15), U armp can be controlled by adjusting the duty ratio D 0 , and the PI controller is utilized in the closed-loop control. Resembling DAB converter, the transferred power of IMMDCC is controlled by adjusting the phase shift between the primary and secondary voltages at the ac side. The capacitor and arm voltage balancing algorithms for IMMDCC are detailed in [20] and [21] respectively.
V. PERFORMANCE COMPARISON
The performances of IMMDCC under the conventional QSM scheme and the proposed control are theoretically compared in this section. For simplicity, the theoretical developments are based on the assumptions made in the previous section.
A. POWER CAPACITY AND VOLTAGE RANGE
The delivered power of IMMDCC can be calculated by
With k defined as the voltage ratio V dc1 /nV dc2N to express the variation of the input voltage, (15) can be rewritten as
Substituting the piecewise expressions of i p detailed in (11) and (16) into (17) and performing the integration, then replacing D 0 in the obtained formula with 1-k, the transferred power under proposed NQSM is calculated as
As shown in (19) , P NQSM achieves its maximum with k = 1 and D = 0.5, and the maximum power P max = (nV dc2N ) 2 /8f s . Using P max as the base value, the delivered power is expressed in the per-unit form:
The current and voltage waveforms at the ac side of IMMDCC is similar to that in DAB converter when it is modulated under the conventional QSM scheme. Referring to the expression of transferred power in DAB [9] , the per-unit form of power is derived as
On the basis of (20) and (21), Fig. 6 (a) plots the curves of the delivered power varying with k with the specified D. As can be observed, the power transfer capability of IMMDCC is enhanced by the proposed control. Under the conventional QSM scheme, V dc1 is not allowed to exceed V dc1N because the submodule voltage is coupled with the dc-side voltage and the capacitor voltage is limited to V dc1N /N . This condition indicates k should be less than 1. However, k > 1 is allowed in the proposed control because 
B. CURRENT STRESS EVALUATION
As shown in Fig. 4 , i p is kept flat-topped, and the periodic releasing and restoring of energy are avoided in the proposed NQSM control. The maximum value of the transformer primary current is taken as the critical factor to evaluate the reactive power at the ac side. On the basis of (11) and (16), the transformer peak current, which occurs at t 2 , is calculated as
Expressing D as the function of k and p NQSM as per (20) and substituting the result into (22), we have
Referring to the piecewise expression of the transformer current of DAB in [9] , the transformer peak current of IMMDCC controlled under QSM is calculated as
Using I base = P max /V dc1N = nV dc2N /8f s as the base value, the ac-side peak current under the NQSM and QSM schemes can be expressed the function of k and p in the per-unit form:
and
On the basis of (25) and (26), Fig. 7 plots the curves of the normalized transformer peak current, which varies with k and p. As shown in Figs. 7 (a) and (b) the ac-side current stress is significantly reduced under the NQSM control, at the same p and k, which indicates that the reactive power is reduced. Lower conducting and switching losses of the converter can thus be achieved. In addition, as can be observed in Fig. 7 (b) , smaller voltage ratio can be achieved with the proposed control at the same p, which indicates that the voltage range of IMMDCC is also expanded under the scenario V dc1 is lower than that of the nominal value.
VI. SIMULATION VERIFICATION
To verify the effectiveness of the proposed control strategy, the IMMDCC applied to connect a wind turbine with the medium-voltage dc grid is taken as a study case for simulation analysis. When the diode rectifier is employed to rectify the output of the permanent magnet synchronous generator, the input voltage V dc1 fluctuates along with the wind speed, resulting in the mismatch of dc-side voltages. A simulation model of IMMDCC rated at 2.5 MW is performed in MAT-LAB/Simulink. The nominal input voltage V dc1 is 4 kV, and the nominal output voltage is 8 kV. The converter Parameters are shown in Table 1 .
In the simulation model, a variable voltage source is employed at the input side to emulate the voltage variation of the diode rectifier. Another voltage source is employed at the output side to emulate the medium-voltage grid. The transferred power (P) is controlled by adjusting the phase-shift ratio D using a PI regulator as shown in Fig. 5 . Another PI regulator is utilized to maintain arm voltage U armp equal to nV dc2N . The submodule and arm voltage balancing control algorithms presented in [20] and [21] are utilized to ensure the stable operation of IMMDCC. Fig. 8 shows the simulation waveforms of IMMDCC with and without the proposed AVDC with the same transferred power of 2.5 MW and input voltage of 3 kV which is 75% of the nominal value. The instantaneous energy stored at the ac side is calculated by E Lac = L ac i 2 p /2. As shown in Fig. 8 (a) , the transformer current i p is no longer flat-topped, and the energy storage requirement and reactive power at the ac side are relatively large under the QSM of IMMDCC because the dc-side voltages are not matched. By contrast, Fig. 8 (b) shows that the ac-side reactive power and current stress are dramatically reduced by the proposed control with i p kept flat-topped. Staircase waveforms with more levels are generated during the transition periods of u p .
VII. EXPERIMENTAL RESULTS
A lab-scale prototype of IMMDCC rated at 3 kW is built and tested. The nominal input and output voltages are both 200V, and the turn ratio of transformer n is 1:1. There are 4 submodules per arm. A photograph of the converter is shown in Fig. 9 , and the circuit parameters are provided in Table 1 . In the experimental system, a programmable dc power supply is employed at the input side to emulate the variable voltage source, and an inverter is employed at the output side to maintain dc voltage. The control strategies utilized in the simulation are used. 
A. OPERATING PRINCIPLE VERIFICATION
IMMDCC waveforms with different input voltages are measured to validate the feasibility of the proposed modulation and control. Fig. 10 shows the experimental waveforms when the transferred power is 3 kW. The input voltage V dc1 is 220V in Fig. 10 (a) , which is higher than nV dc2N . V dc1 is 120V in Fig. 10 (b) , which is lower than nV dc2N .
It can be seen that no matter whether the input voltage is higher or lower than that of the nominal voltage (which is equal to nV dc2N ), the magnitude of primary and secondary voltages are controlled matched to achieve the flat-topped i p . This agrees well with the theoretical analysis results. Staircase waveforms with N + 1 (5) levels are generated during the falling and rising sections of the transformer secondary voltage when the secondary MMC is modulated under the conventional QSM. By contrast, staircase waveforms with 2N +1 (9) levels are generated during the transition periods of the primary voltage when the primary MMC modulated under the proposed NQSM. The height of each stair is dramatically reduced, indicating lower dv/dt is achieved.
B. WIDE VOLTAGE RANGE OPERATION TEST
The dynamic respond of the proposed AVDC when V dc1 steps up and down widely around the nominal value is evaluated. Fig. 11 (a) depicts the waveforms of input current, input voltage, and capacitor voltages when V dc1 steps up from 120V to 280V in 160ms. As shown in Fig. 11 (b) , V dc1 steps back in 160ms. v cau1 and v cal1 are the measured capacitor voltages in the upper and lower arms of phase leg A, respectively. It can be observed that the submodule voltages are maintained constant when V dc1 fluctuates widely around the nominal voltage, the voltage stability verifies the effectiveness of the closed-loop control. It should be emphasized that the voltage stress across submodules is kept even when V dc1 is considerably higher than that of the nominal value. Thus, the voltage range of IMMDCC is significantly expanded without scaling up the switching devices and capacitors. Fig. 12 shows the measured transformer current and voltage waveforms under different control methods when the transferred power is 2 kW. Figs. 12 (a) and (b) show the waveforms with V dc1 = 120V, which is lower than that of nV dc2N . Figs. 12 (c) and (d) shows the waveforms with V dc1 = 280V, which is higher than that of nV dc2N . Figs. 12 (a) and (b) show the waveforms with conventional QSM applied for the primary MMC. Figs. 12 (a) and (c) show the measured waveforms with the proposed AVDC control applied. Whether V dc1 is lower or higher than that of nV dc2N , the transformer current i p is kept flat-topped with the proposed control. The current stress is dramatically reduced compared with conventional control. In addition, the dv/dt at the ac-side are further suppressed via NQSM because staircase waveforms with more levels are synthesized toward transaction periods of the voltages. Fig. 13 plots the measured curves of the transformer peak current with the specified power when the input voltage varies. The experimental results are in good agreement with the theoretical analysis. Compared with the conventional QSM, the proposed NCSM-based AVDC achieves lower reactive power and current stress at the ac side when the dc voltage deviates from the nominal value.
C. CURRENT STRESS EVALUATION

VIII. CONCLUSION
The transformer and dc-side voltages of IMMDCC are coupled under the conventional QSM control. This results in considerable reactive power at the ac side when the conversion ratio deviates from the transformer turn ratio. The AVDC of IMMDCC based on the NQSM is presented in this study to suppress the reactive power. Compared with the classical operation manner, the proposed control facilitates IMMDCC with the following features.
1) The amplitude of the transformer primary and secondary voltages are kept matched to avoid unwanted reactive power. Low ac-link current stress, low reactive power, and high power capacity are achieved for IMMDCC.
2) Voltage stresses across the capacitors and switches in the submodules are maintained constant although the dc voltage is considerably higher than that of the nominal value designed under the conventional control. Thus, the voltage range of IMMDCC is expanded without scaling up the power switches or adding extra submodules.
3) Staircase waveforms with more levels are generated during the transition periods of the ac-side quasi square-wave voltages with a dramatic reduction in the step height, which further suppresses the dv/dt. Tong University. His current research interests include topology, operation, and control of dc grid for offshore wind power collection and transmission, and modeling and control of key components in the dc grid.
